Objectives: The placement of a pulmonary artery band to retrain the left ventricle often requires reoperation for band adjustment. We describe an effective technique for the placement of a transcutaneously adjustable pulmonary artery band that allows adjustments to be made without the need for repeat sternotomy.
The application of a pulmonary artery band for the purpose of left ventricular (LV) retraining has been used for patients with d-transposition of the great arteries (d-TGA) who present at an older age for an arterial switch procedure, reversal of a previous atrial level switch in the face of a failing systemic right ventricle, and preparation of the left ventricle for a combined arterial and atrial switch operation in patients who have congenitally corrected transposition of the great arteries with low morphologic LV pressure. Although the former 2 indications are seen with less frequency, given the widespread use of the arterial switch repair for neonates with d-TGA and the diminishing population of patients from the atrial switch era, the population of patients with congenitally corrected transposition of the great arteries continues to be a challenging one. Some of these patients will develop tricuspid valve regurgitation with decreased morphologic right ventricular function, and LV retraining has been used in an effort to perform a combined arterial/ atrial repair or double switch operation. However, the placement of a pulmonary artery band for this purpose is an imprecise procedure, often requiring reoperation for band adjustment and arbitrary decisions regarding how tight a particular adjustment can be at each individual encounter.
Since 1995, one of us (E.L.B.) has relied on a straightforward, simple, and effective technique for the placement of a transcutaneously adjustable pulmonary artery band (TAPAB) that allows adjustments to be made without the need for repeat sternotomy. In the present report, the technique and outcomes of patients undergoing this procedure are described.
METHODS
After institutional review board approval, all patients undergoing pulmonary artery banding at the University of Michigan CS Mott Children's Hospital using the TAPAB were identified. The basic demographics, cardiac diagnoses, Doppler/echocardiographic and cardiac catheterization results, operative details, and subsequent disposition, including band adjustments, other operations, and procedures, and the most recent status were taken from a review of the electronic record chart. The data were collected and stored on a Microsoft Excel spreadsheet (Microsoft, Redmond, WA), and the appropriate data reported as the mean or median, as noted, with the ranges.
TABAP Construction and Application
The back end of an 8F Kendall Argyle feeding tube (Tyco Health Care Group, Mansfield, Mass) is fed through the first hole at its tip and pulled through, resulting in a loop that can be placed around the pulmonary artery ( Figure 1 ). A 14F Coloplast straight tip male urinary catheter (Coloplast, Humlebaek, Denmark) is then trimmed to an appropriate length and advanced over the back end of the feeding tube to function as a tourniquet. The distal end of the tourniquet is fixed with sutures to the outer portion of the feeding tube, allowing the tourniquet to slide back and forth over the feeding tube and enable loosening or tightening, respectively, of the band. The heart is exposed through a standard midline sternotomy, generally opening only the upper portion of the pericardium to dissect the main pulmonary artery. An additional small incision is made on the anterior chest wall in either the right or left second intercostal space, and the back end of the device is passed through this window, which can be easily accessed for future band adjustments. Once it is passed through, the band is applied under Doppler/echocardiographic and direct pressure measurement guidance. After the optimal degree of banding is attained, titanium clips are applied to the back end of the feeding tube to secure the tourniquet. This clipped portion is tunneled subcutaneously, and the wound is closed for future access. A typical postoperative chest radiograph with the tunneled portion of the band in the second interspace is shown in Figure 2 .
RESULTS
From 1995 to 2011, 11 patients underwent placement of a TAPAB for the purpose of retraining the morphologic left ventricle for a subsequent arterial switch operation, and this subset was subjected to analysis. Ten patients had congenitally corrected transposition of the great arteries. In 3 of these patients, an associated ventricular septal defect had been previously closed, and 7 patients had been born with an intact ventricular septum. The remaining 13-year-old child had undergone a Senning procedure and ventricular septal defect closure for d-TGA/ventricular septal defect shortly after birth. In all cases, systemic morphologic right ventricular dysfunction and variable amounts of tricuspid valve regurgitation were present. Pulmonary artery band application for LV retraining is performed to achieve an ultimate goal of a left/right ventricular pressure ratio of 0.8 or more before an arterial switch operation is undertaken. However, this goal is often limited by acute LV dysfunction and newonset mitral valve regurgitation during band application. Band adjustment is, therefore, guided by these clinical parameters and the Doppler echocardiographic findings.
The mean age at TAPAB placement was 5.5 years (median, 4.2; range, 0.7-13.6). In 10 patients, the TAPAB was performed as the only procedure. One patient also underwent mitral valve repair for significant regurgitation. No complications resulted from band placement, and all patients were discharged home after a mean hospital stay of 6.6 days (median, 5.5; range, 4-11). The mean interval to extubation was 1.7 days (median, 1; range, 1-2) and the mean interval to intensive care unit discharge was 1.6 days (median, 1.5; range, 1-3).
One or more band adjustments were required in 6 of the 11 patients (1 loosened and 5 tightened, 55%) at a mean of 281 days after initial band placement (median, 98 days; range, 0-917; Table 1 ). All were accomplished successfully by exposing the band in the subcutaneous tissue of the anterior chest wall and performing the adjustment under Doppler echocardiographic guidance. One patient developed ventricular dysfunction within 24 hours after the initial TAPAB placement and underwent successful loosening, eventually achieving adequate retraining and undergoing a double switch repair. One patient underwent band tightening 7 days after the initial placement when the gradient was found to have substantially decreased. However, this patient required complete band removal 4 months later because of progressive LV dysfunction and was not a candidate for a double switch procedure. Of the remaining 4 patients who required band tightening, 3 underwent 1 tightening procedure and all went on to undergo double switch conversion. One patient underwent TAPAB tightening 2 years later and underwent additional tightening 3 days after the second adjustment, subsequently undergoing a double switch procedure.
Of the 5 remaining patients not undergoing band adjustments, 1 had undergone initial TAPAB placement only 1 month previously, 1 was a patient with d-TGA who was lost to follow-up, 2 were successfully retrained without the need for additional adjustment and underwent the double switch procedure, and 1 patient remained banded with biventricular dysfunction and was recently evaluated with the anticipation of transplantation. When stratified by patient age at initial band placement, of the 8 patients who were younger than 10 years old, 7 became arterial switch candidates and 1 was awaiting anatomic repair. The mean age of this group was 3.1 years (range, 0.7-7). Of the 3 bands placed in those older than 10 years (age, 10, 12, and 13 years), none underwent conversion to a double switch repair. The 12-year-old patient underwent band removal, the 10-year-old patient remains banded with plans for transplantation, and the 13-year-old patient with d-TGA with a Senning repair was lost to follow-up.
DISCUSSION
Several large series, including our own, have demonstrated the feasibility of staged retraining of the morphologic left ventricle for conversion to an arterial switch procedure and have established guidelines for successful LV retraining before undertaking anatomic repair. [1] [2] [3] [4] Although attempts to perform staged LV retraining by the application of increased afterload to the ventricle using a pulmonary artery band were less successful in older candidates, younger patients can often be successfully retrained with gradual increments in afterload to achieve systemic LV pressure with normal ventricular function. There is both experimental and clinical evidence that a sustained afterload suddenly imposed by a nonadjustable band applied with too significant an afterload to the left ventricle is deleterious to LV function and LV retraining. 5 Abbreviations and Acronyms d-TGA ¼ d-transposition of the great arteries LV ¼ left ventricular TAPAB ¼ transcutaneously adjustable pulmonary artery band
This technique can result in subendocardial ischemia, myocardial fibrosis, and ventricular dysfunction that can be irreversible. Protocols in which a gradual and progressive increase in afterload stress is applied have resulted in less fibrosis in experimental settings and are likely to be more successful in achieving satisfactory increases in LV mass with normal ventricular function.
The clinical application of a gradual increase in afterload with conventional banding of the pulmonary artery would require repeated major operations before successful anatomic repair could be used. This concern has led to the development of multiple devices and alternate off-label banding techniques. The most notable current examples include the clinical experience with the FloWatch device, [6] [7] [8] the use of an adjustable gastric band device, 9 and several thorascopic and openly applied adjustable homemade devices. [10] [11] [12] [13] The FloWatch device is conceptually sound but is not available in the United States and is not applicable to all size patients and all anatomic subtypes.
Our technique of TAPAB, as described in the present report, is a reliable and safe method of applying a gradual increase in LV afterload that can be performed as a minor procedure. Importantly, the band is configured to allow both tightening and loosening, thereby ensuring safety if too high an afterload stress is applied and LV dysfunction results. Additionally, the knowledge that this technique is reliable and reproducible affords the operating surgeon the freedom to apply the band very gradually, erring on FIGURE 2. Postoperative chest radiograph demonstrating transcutaneously adjustable pulmonary artery band (TAPAB). The looped portion of the feeding tube is visible on the pulmonary artery and the end with the clips is tunneled into the subcutaneous tissue of the second interspace. . See text for details. By constructing a fenestration in the end of the feeding tube, it can be looped around itself to encircle the pulmonary artery (1) (2) (3) (4) (5) . Using the urinary catheter as a tourniquet (6, 7) and securing it to 1 end of the feeding tube (8) results in a band that can be tightened or loosened by manipulating the distal end, which is passed through the chest wall and clipped to maintain the desired degree of afterload stress (9) . the side of safety, with the realization that future adjustments can be performed at any point without the need to reenter the chest. We have not experienced any complications or technique failures with its use and believe it to be a preferable alternative to conventional banding for LV retraining.
